Abstract
Introduction
The directive of the European Parliament and of the Council 2009/28/EC of 23 April 2009 on the promotion of the use of energy from renewable sources makes clean energy one of the main objectives of the European Union until 2020 and later, up to 2030. Poland, like other Member States, is obliged to reduce the production of electricity from conventional sources and to make use of renewable ones. By 2020 15% of energy is going to be produced from renewable energy sources.
The Masovian Voivodship constitutes one of the highest shares of the country's energy consumption, with a similar situation in its intensively growing urban centres. The Legionowo District, and, in particular, the town of Legionowo, is characterized by a rapid rise in the number of inhabitants, this way increasing the demand for energy, especially electricity. In many parts of Poland, in particular in the north and northeast, power grid is underdeveloped, which may result in problems with the delivery of electricity to consumers in the future (Paska & Surma, 2014) . According to the guidelines of the European Parliament and Council Directive 2010/75/EU of 24 November 2010 on industrial emissions (integrated pollution prevention and control), it is necessary to limit the production of energy from fossil fuels and the resulting emissions of CO2 and other harmful substances into the atmosphere. In Poland those who invest in green energy are eligible for assistance to implement the project, provided by the state and other institutions, according to the regulation of the Minister of Energy of 1 December 2016 on calculation of the amount of state aid for producers of electricity from a renewable energy source, generated in a renewable energy installation. Therefore, to ensure adequate amounts of energy it is necessary to promote the use of renewable energy sources, especially those directly providing electricity, like photovoltaic panels.
Fast and dynamic development of modern technologies to produce solar panels makes them more efficient, generating more energy output, so the investment in this source of energy is becoming more profitable. Those panels are environmentally friendly, being one of clean energy sources (Serrano-Luján, 2017 ). An additional advantage is the fact that in accordance with the Act of 7 July 1994 on the construction law, building permission is not required for solar panels (photovoltaic farms) if their power does not exceed 40 kW. However, according to Article 59 of the Act of 27 March 2003 on the planning and spatial development any change in land use in the form of the construction of a building object or any other construction work or change in the way in which the building object or its part is used requires an adequate decision. The present study does not take into account planning requirements.
Renewable energy is particularly important for the Legionowo District because of very high air pollution, especially in autumn and winter, with a frequent occurrence of smog. Investments in this type of renewable energy sources are a strong incentive for the area. The aim of this paper is to elaborate methodology for selection of the best locations for solar farms, using multi-criteria analysis, GIS tools, and spatial data collected by the geodetic and cartographic centres. The novelty of the method bases on the combining Boolean, AHP (Analytical Hierarchy Process) and WLC (Weighted Linear Combination) methods and top-down approach. The experimental delimitation of areas suitable for solar farm location was done for Legionowo District, located in the vicinity of Warsaw. The advantage of the method is its versatility. It can be used not only for any area, but with little modification of the criteria, it can also be applied to choose a location for wind farms.
Methods
Application of multi-criteria data analysis can be useful in a decision-making process in many different areas of human activity. It is a collection of mathematical methods and tools that allows comparing different variants of decision-making, using various, even contradictory, criteria (Hejmanowska & Hnat, 2009; Janke, 2010) . The aim of the multi-criteria analysis is to work out the most favourable solution. The process of resolving multi-criteria issues is defined in literature as MCDA (Multi Criteria Decision Analysis) or MCDM (Multi Criteria Decision Making). For many years multi-criteria analyses have been used together with GIS (Hott et al., 2012; Tahri, 2015; Janke, 2010) . A broad review of growing literature on this mature presents Malczewski (2006) .
Selection hard or soft criteria, used in the process, is the first step in multi-criteria analysis (Pokonieczny, 2016) . Hard criteria, which are also named as Boolean, allows to delimit sites that meet or do not meet them, while soft criteria make it possible to show suitability level for a particular purpose. The result of the analysis based on hard criteria is unambiguous; the criterion disqualifies or qualifies the site (Tomala et al., 2016) . It is different in the case of soft criteria, where the difference between a suitable and unsuitable area is specified by a function. Of course, the appropriate selection of criteria for the analysis is crucial (Bober et al., 2016) .
Literature shows clearly that environmental criteria, including solar radiation and aspect, have a very large impact on the selection of areas for the location of a solar farm (Merrouni, 2013; Mc Kinney, 2014) . In addition, in many analyses criteria like proximity to built-up areas, proximity to power lines, or proximity to roads are taken into consideration (Hott, 2012; Effat, 2013) . These criteria have an impact on minimising solar farm construction costs generated by the provision of appropriate technical infrastructure. The criteria that determine the location of solar farms can be classified into three groups: environmental, technical, and socio-economic. We assumed that the delimitation of the area suitable for solar farm is based on two-stage model. The first stage excluded area where location of a solar farm is impossible due to land use (woodland areas and permanent crops, water bodies and wetlands, and built-up areas) and high nature of environment (protected area and Natura 2000), which were perceived as hard criteria. This was done with Boolean method (Hejmanowska & Hnat, 2009 ). In the second stage remaining lands are validated according to the criteria presented in Fig. 1 . The validation was based on the weighting criteria using AHP and WLC methods (Hejmanowska & Hnat, 2009) . As the results each land polygon is assigning to suitability rank: low, medium and high presenting potential for solar farm location. The workflow is shown in Fig. 2 .
Fig. 2. Flow chart
The second stage involves determination of weights of soft criteria, going through Analytical Hierarchy Process (AHP) (Saaty, 1987) , standardization of the results, and the development of classified maps of the suitability of areas to locate a farm. It is not necessary to make complex choices because the AHP method allows comparing single criteria or pairs of variants (Asakereh, 2014) . The analysis consists of two steps. The first one is a creation of a hierarchical structure and evaluation of the criteria within the framework of this structure. The second step of the AHP analysis is to assign weights to the criteria, to show what their impact on the reached goal is. Evaluation of the criteria is made by comparing them in pairs. The weights are chosen using a nine-point Saaty's scale (Saaty, 1987) .
The value of the criteria for solar farm selection sites (Table 1) are defined after broad study of literature and legal European and Polish acts. Each criterium can take one of tree values (1 -for the areas with low potential, 2 -for the areas with medium potential and 3 -for the areas with high potential). Cartographic presentation showing several criteria with different weights is possible owing to the WLC methods (Weighted Linear Combination). It is one of the most widely used Multi-Criteria Evaluation (MCE) methods for land suitability analysis. It involves standardization of suitability maps, assigning the weights of relative importance to the maps, and then combining the weights and standardized suitability maps to obtain an overall suitability score (Malczewski, 2004) . Combination of the WLC method and a thematic layer of excluded areas makes possible to obtain a map rating the areas in terms of their usefulness for solar farm location. The last stage involved selecting areas for farm location, the best with regard to socioeconomic conditions, such as the size of a location or its shape. The shape and size of the area, as some studies show, is extremely important for many investment purposes (Maleta & Calka, 2015; Gąsiorowski & Bielecka, 2014) . In this study we assumed that the optimal farm size for investor is 2 ha. The results of the analysis are presented in the form of thematic maps according to the rules given by Medyńska-Gulij (2014) and Lorek (2016) .
Characteristics of the Legionowo District
The Legionowo District is located in the central part of Mazovian Voivodship. It consists of five communes with a total area of 390 km The District is located in the Mazovian Lowland, with flat or undulating moraine, slightly declining (locally up to 12°), the Ciechanów Upland, and the Warsaw Basin. The southern and central part of the District, located in the Warsaw Basin, is mainly covered with Pleistocene age terrace deposits forming plains, with numerous hills and sandy hills. The soil of the Legionowo District is formed from Quaternary deposits. In the northern part of the Ciechanów Upland the earth material is boulder clay, gravel, and sand, while areas of river valleys are covered with sediment sand of glacio-fluvial and fluvial origin. The Vistula, Bug, and Narew rivers flow across the District. There is a growing demand for electricity because of an intensive development of the District, with a constantly growing number of residents, because of the proximity of Warsaw and the presence of major routes, like national road No. 61 from Warsaw to Augustów. One of the ways to ensure energy security in the region is the investment in renewable energy, in particular in solar energy (Strzelecki, 2011 , Ostaszewska & Richling, 2009 .
In process of selection of suitable local farm location, different spatial data were used (Brzezinska-Klusek, 2013) . The main source of spatial data for the study was BDOT10k (Database of Topographic Objects), provided by the Central Geodetic and Cartographic Documentation Centre. BDOT10k is a country wide topographic data with the level of detail and thematic scope corresponding to the civilian maps at a 1:10000 scale (Bielecka, 2015; Calka et al., 2016) . The geometric accuracy of object size estimated by Ławniczak and Kubiak (2016) is about 2% different than field measurement. The following layers were used for the analysis: roads, built-up areas, power lines, protected areas, forest, permanent crops, wetlands and water bodies. Value ranges of selected buffers are shown in Tab.1. Layers selected from BDOT10k data were used to prepare Fig. 4 .
Fig. 4. Areas excluded from analysis
Additionally, in order to find information about slopes and aspect, SRTM (Shuttle Radar Topography Mission) data were used. SRTM DEM 1 provides a set of points covering the model of terrain with cells of 1º x 1º, produced with the C-band interferometric technique. The spatial reference system used for the SRTM data is WGS84 System.
In the final stage of the analysis, it was important to take into account data on parcels in the district obtained from the land and building register. Those data could have been used to finally select land suitable for a solar farm. An adequate application for an access to the data was filed to the District Office in Legionowo but after a long delay it was turned down.
Results
Almost 60% of the district area was excluded from further analysis using hard criteria and Boolean method. The results of this procedure are presented in Fig. 5 . The map shows areas completely unsuitable for solar farm location.
The excluded locations were situated, among others, in built-up areas, protected areas (Natura 2000, nature reserves), water bodies, wetlands, and woodlands areas. Forests and woodlands constitue more than 65% of the excluded areas, 17% is builtup areas, and 10% is covered with water bodies (Fig. 6) . Analysis of land suitability for solar farm location was based on the environmental criteria (solar radiation, aspect) and three technical criteria (proximity to roads, builtup areas and power lines). The easiest way to determine the weights is pairwise comparison matrix shown in Table 2 , while matrix of obtained criteria weights is presented in Table 3 . This analysis was conducted with the use of AHP method.
The results show that aspect, has the greatest influence on solar farm location, with a weight equal to 41%, while solar radiation has the weight of 38%. Relief of the tested area is very diversified, which causes significant differences in the suitability of sites. The best locations are in the northern part of the District, as it has an orientation towards the south and a slope towards the River Narew. The results of the present experiment, in which aspect and solar radiation weights are high and similar in value, have been confirmed in literature (Effat, 2013; Merrouni, 2013) .
Legionowo District areas were classified into three groups with high, medium, and low potential to locate a solar farm with use of equal interval classification method (Fig. 7) . Areas with medium potential (23% of the area of the district) constitute the largest part, while the areas with low potential represent the smallest share (5%) (Fig. 8) . For further analysis only the sites with high potential (12%) were selected. In order to select the best location for a solar farm, the size of the polygons and its regular shape are the most important. The land should not be fragmented into too many parcels because with fewer owners its purchase is easier. For each area a shape factor was determined and area with optimal shape and the required size of 2 ha were selected. The analysis resulted in a group of 47 locations meeting all required criteria. Excessively fragmented sites, or ones with an elongated shape, were excluded. About 25% of suitable areas had high potential as a location, covering about 3% of the total area of the Legionowo District. The selected sites are presented in Fig. 9 . All of them are located in the northern part of the District, in the Ciechanów Upland. They meet the criteria used in the AHP analysis, most important of which are the solar radiation and aspect. The Upland is more elevated above sea level than the rest of the District, and it slopes towards the south, south east and south west, making it the most optimal due to the best environmental conditions. 
Conclusions
Rising electricity production from non-renewable energy sources leads to a gradual depletion of natural resources, and has a negative effect on the environment. That is why national and local legislation promotes a wider use of renewable energy sources, including photovoltaic ones. Because of the existing land use, or environmental and economic conditions, solar farms can be only located in certain areas. The aim of the article is to present a methodology for the selection of the best areas for solar farms and experimental delimitations such places in the District of Legionowo. The article shows that the application of the Multi-Criteria Decision Analysis and Geographic Information System is a very effective combination to deal with the matter.
An important step of the study was to define location criteria. Analyses of adequate literature on photovoltaic farms enabled the authors to select such criteria as environmental (solar radiation, aspect), technical (proximity to roads, electrical power lines, and buildings), and economic (the size and shape of the area). Some criteria for the location of the solar farm are not particularly important and do not affect the suitability of the site much. Therefore, the AHP method was used to determine the weight of all the criteria. The downside of the method was some subjectivity in assessing validity of pairs of criteria, which would have affected the final weight. However, an exhaustive analysis and discussion of the results enabled the authors to determine optimal weights.
All the areas with the best conditions are located in the north of the Legionowo District. The choice is mainly determined by the fact that the land there has the best insolation, with its orientation towards the south, which resulted in the highest weights in the study. Although almost 60% of the area was excluded from the analysis, there were still places with good location conditions for solar farms.
